In recent years, quinoa (Chenopodium quinoa Willd.) has attached the interest as a multi-purpose crop. A 3-year field experiment was conducted to determine the effects of tillage systems and fertilization on nitrogen uptake and use efficiency of quinoa crop. The experiment was laid out in a split-plot design with two replicates, two ) were found in N2. Nitrogen harvest index and nitrogen utilization efficiency were up to 60% lower and 40% lower, respectively, in inorganic treatments than in the control. Rates of nitrogen higher than 100 kg N ha -1 (N1) did not increase the nitrogen agronomic efficiency. Regarding apparent nitrogen recovery efficiency, the higher values observed under inorganic fertilization and being greater than 100%. The highest rates of change of nitrate reduction in soil (-0.108 to -0.188 N% day -1 ) and nitrogen increase in plant (0.025 to 0.027 N% day -1 ) were observed under N2 treatment. As a conclusion, quinoa has a high capacity to take up nitrate from the soil, but presents lower nitrogen remobilization from the vegetative parts into the seeds under high nitrogen supply.
Introduction
Quinoa (Chenopodium quinoa Willd.) is a pseudocereal crop that has constituted an important part of the food of the Andean population for thousands of years due to its high nutritional value (Vega-Gálvez et al. 2010) and its adaptability to grow with less inputs and water and to tolerate a variety of biotic and abiotic stresses (Jacobsen, 2003) . The grain has a high protein content with balanced presence of essential amino acids such as lysine and a wide range of vitamins, minerals and saponins (Koziol, 1992; Bilalis et al., 2012) . Quinoa is often used similarly to cereals, but unlike these crops, quinoa seeds have a better balance in the amino acid composition and are gluten free (Thanapornpoonpong et al., 2008) . Moreover, the whole plant can be used as green fodder for animals (Kakabouki et al., 2014) .
As a multi-purpose crop with potential uses for both human and animal consumption and nutrition, quinoa has also attracted the interest as a food security crop outside the center of origin in several countries around the globe (especially in Europe), initiating introduction and research work on it (Jacobsen, 2003; Benlhabib et al. 2014) . The Food and Agriculture Organization of the United Nations (FAO) has declared the year 2013 as the year of quinoa.
Nitrogen is a key limiting element for plant growth, which is also the most complex one considering all of the potential forms and processes in its cycle (Montemurro and Diacono, 2016) . It is strongly involved in all of the plant metabolic processes and its rate of uptake and partition is largely determined by supply and demand during the various stages of plant growth (Delogu et al., 1998) . Availability and supply of nitrogen vary between crop species and depend on their requirements (Sinclair and de Wit, 1975) . The positive effect of nitrogen on quinoa has been proven by several studies on growth and grain yield. Jacobsen et al. (1994) reported that yield response of quinoa at 40 kg N ha -1 was 24.1% lower than at 160 kg N ha . Additionally, in a greenhouse study, quinoa has shown a positive reaction to nitrogen and specifically, biomass, harvest index and protein content were positively correlated with nitrogen fertilization (Thanapornpoonpong, 2004) .
Besides increasing grain yield, nitrogen is also responsible for an important part of agriculture-related pollution through nitrate (NO 3 -) leaching, ammonia (NH 3 )
volatilization and nitrous oxide (N 2 O) emissions and for this reason the efficiency of fertilizer use has to be considered (Fagaria and Baligar, 2005 ; Schulte auf'm Erley et al., 2005; Lobos Ortega et al., 2016) . Tremendous losses of 40 to 60% of the applied nitrogen occur due to uncontrolled and unreasonable use of nitrogen fertilizers, which may affect crop yields (Craswell and Godwin, 1984) . Nitrogen use efficiency (NUE) can been defined as the maximum economic yield produced per unit of nitrogen applied, absorbed or utilized by the plant to produce grain and biomass, and is an important approach in evaluating the absorption of applied fertilizers by plants and their role in crop yields (Fageria and Baligar, 2005) . In the literature, NUE has been defined and calculated in several ways. Fageria and Baligar (2005) described five definitions of calculating NUE in crops, which are grouped or classified as agronomic efficiency (AE), physiological efficiency (PE), agro-physiological efficiency (APE), apparent recovery efficiency (ARE) and utilization efficiency (UE). The increase in NUE and grain yield mainly depend on timely planting, proper tillage and optimum nitrogen rate and management (Zemenchik and Albrecht, 2002) . The main goal in improving nitrogen utilization, optimizing the fertilization and reducing the risk of surface and belowground water resources contamination is to better understand the plant nitrogen response (Mahler et al., 1994) .
Nitrogen harvest index (NHI) is defined as the partitioning of total plant nitrogen into grain. It consists an important index, which provides an indication of how efficiently the plant utilized acquired nitrogen for grain production and varied from crop species to crop species and among different genotypes of the same species (Fageria and Baligar, 2005) .
There was no information about the effects of tillage systems and fertilization on nitrogen efficiency in quinoa crop production under Mediterranean semi-arid conditions. Therefore, the aim of the present study was to investigate the effect of tillage system and fertilization on nitrogen uptake and its assimilation from the soil to vegetative parts and grains of quinoa. Meteorological data concerning air temperature and precipitation of the experimental site during the experimental periods are presented in Figure 1 .
Materials and Methods

Figure 1.
Meteorological data (mean monthly air temperature and precipitation) for experimental site during the experimental periods (April-September, 2011 and 2013 Nitrogen harvest index (NHI) was calculated as given by Ye et al. (2007) as defined in Formula 1:
nitrogen agronomic efficiency (NAE) that were determined as described by Fageria and Baligar (2005) and Ye et al. (2007) Nitrate content was measured by the cadmium reduction method at an absorbance of 540 nm (Keeney and Nelson, 1982) .
Finally, the rate of change of nitrogen content in plant (N% day -1 ) and rate of change of nitrates in soil (ppm NO 3 -day -1 ) were also evaluated during the experimental periods.
The data were checked for normality and subjected to statistical analysis according to the split-plot design.
The statistical analysis was performed with SigmaPlot 12 statistical software (Systat Software Inc., San Jose, CA, USA). The Tukey's test was used to detect and separate the mean treatment differences. All comparisons were made at the 5% level of significance.
Results
The effects of the tillage system and fertilization on the biomass nitrogen content of quinoa are presented in Table 1 . Analysis of variance ( Concerning the nitrogen yield of biomass, there were no significant differences between conventional and minimum tillage systems, although, with the exception of the first year (2011), nitrogen yield was slightly higher in conventional tillage plots. As shown in Table   2 and according to the combined analysis of variance (Table 6 ) the nitrogen yield in above-ground parts of plant was only affected by fertilization. In particular,
the highest values (371-386 kg N ha According to the combined analysis, the influence of different tillage systems on total plant nitrogen uptake was found not to be statistically significant, with the values ranging from 331.59 to 365.71 kg N ha -1 .
Fertilization effect was only significant on this trait.
In particular, the highest total nitrogen uptake was achieved in N2 treatment (437.20-454.93 kg N ha NHI had a negative and significant correlation with total plant nitrogen uptake (r= -0.7322, p<0.001).
As shown in Table 3 (Table 3) .
Nitrogen agronomic efficiency (NAE) was not affected by tillage system but it was significantly influenced by fertilization. In the first two years (2011 and 2012), there were no significant differences between different fertilization regimes, but during the third year of the experiment, fertilization had a great impact on NAE with the mean values being 2.25, 2.92 and 0.57 for application of N2, N1 and manure, respectively.
Concerning the average rate of change of nitrogen content in plant (Table 4) , fertilization has only a moderately significant effect on this trait. Over the years, there was no increase or decrease in the average rate of each fertilization treatment. The higher range was observed under N2 treatment with values ranged from 0.025 to 0.027 N% day -1 , followed by N1 treatment where the values ranged from 0.019 to 0.021 N% day -1 .
The average rate of change of nitrate content in soil was not affected by the tillage system, but it was only influenced by fertilization (Table 5) . During the 3-year experiment, the average daily nitrate reduction rates were -0.0250, -0.0367, -0.0607 and -0.1390 ppm NO 3 -day -1 for control, manure, N1 and N2 treatment, respectively (Table 5) . F-test ratios are from ANOVA. Significant at *, ** and *** indicate significance at p=0.05, 0.01 and 0.001, respectively and ns: not significant. The Tukey's test (p=0.05) values for tillage system and fertilization are also presented. Table 6 . Combined analysis of variance (F values) for all studied characteristics of nitrogen uptake and utilization efficiency of quinoa crop.
Source of Variance df
F-test ratios are from ANOVA. Significant at *, ** and *** indicate significance at p=0.05, 0.01 and 0.001, respectively and ns: not significant.
Discussion
The results of the present study indicated that the biomass nitrogen accumulation was linearly and positive affected by nitrogen supply. The maximum biomass nitrogen concentration was on average 4.14% and observed under the highest nitrogen rate (200 kg N ha -1 ). Similarly, Elbehri et al. (1993) reported that in amaranth, nitrogen concentration of biomass was also linearly increased along with the rates of nitrogen fertilization.
The biomass nitrogen yield was slightly higher in plants grown in soils subjected under conventional than minimum tillage, however, this differ- and 178 kg N ha -1 for 2011, 2012 and 2013, respectively) , revealed that quinoa responds well to nitrogen fertilization and has the ability to accumulate nitrogen in biomass. This finding is in accordance with a previous study by Razzaghi et al. (2012) .
Under the experimental conditions, seed nitrogen content and yield showed the same pattern as biomass nitrogen content and yield, indicating that the higher the nitrogen supply, the higher was the nitrogen accumulation in seed. In another study, Thanapornpoonpong (2004) also demonstrated the positive effect of nitrogen fertilization on seed nitrogen content of quinoa crop. Similarly, increase of grain nitrogen accumulation and concentation was caused in other crops (wheat, soybean) by nitrogen fertilization (Hayati et al., 1996; Noulas et al., 2004) . Moreover, Delogu et al. (1998) demonstrated that after application of 80 kg N ha -1 in barley, the nitrogen content in grain was enhanced by about 18% compared to the control.
Nitrogen fertilization has also a positive effect on total nitrogen uptake. During these three years, total nitrogen uptake increased linearly with increasing nitrogen fertilizer rate. In a previous study, it was observed that total nitrogen uptake was nearly doubled from 82.6 kg N ha Nitrogen Harvest Index (NHI) is an important index for measuring the retranslocation efficiency of absorved nitrogen from vegetative parts of a plant to grain (Fageria and Baligar, 2005) . The NHI was 30-60%
higher in control and manure plots than in plots treated with inorganic fertilizers. These values are relatively lower compared with other crops (Kaul et al., 1996) due to the small ratio of seed yield to the total above-ground biomass and seed yield that character- yield with the nitrogen applied (Craswell and Godwin, 1984) . The increase in this indicator suggests higher grain yields. In our results, the optimum application rate of fertilizer N for optimal economic (grain) yield in a quinoa crop is 100 kg N ha -1 (N1). A similar behavior of NAE has been reported by several researchers in other crops (Artacho et al., 2009; Baitilwake et al., 2011) .
The average rate of change in nitrogen content in plant describes the average growth rate of nitrogen in the plant and its potential to accumulate nitrogen.
The higher values ranged from 0.025 to 0.027 N% day were achieved in N2 treatment. These values are considered to be higher in comparison with other crops that makes quinoa as a crop with high nitrogen accumulation rate in the aerial biomass (Ye et al., 2007; Geissler et al., 2015) . In addition, the average range of change in nitrogen content in the plant had a positive and significant correlation with root density and dry matter of quinoa (Kakabouki, 2016) . This is associated with the rapid supply of quinoa with nitrogen through the root system and with the needs of aboveground parts for nitrogen due to the rapid growth rate of the plant (Jacobsen et al., 1994) .
Concerning the average rate of change of nitrate content in soil, the lowest value (-0.1390 ppm NO 3 -day -1 ) was found in N2 treatment, while, the lowest value (-0.025 ppm NO 3 -day -1 ) was observed in unfertilized (control) plots. The average daily nitrate reduction rate in soil in N2 treatment (200 kg N ha -1 )
was five times greater than in control (0 kg N ha -1 ), consisting one of the biggest differences (Mackova et al., 2006; Willey, 2007) .
The rates of change of nitrate reduction in soil and nitrogen increase in the plant, are associated indicators that describe the soil-plant system as far as nitrogen is concerned. The high rate of average daily nitrogen increase in plants and the high rate of average daily reduction in soils treated with high amounts of inorganic fertilizers, confirm the potential of quinoa and its ability to can be also used as a phytoremediation plant. The close relationship between these two rates is also confirmed by the high linear correlation coefficient (r=-0,726, p<0,001).
Conclusions
The present results confirmed that nitrogen uptake and use efficiency in quinoa crop was only significantly affected by fertilization. Biomass nitrogen content, biomass nitrogen yield, seed nitrogen content, seed nitrogen yield and total plant nitrogen uptake increased with the increase of nitrogen application rate. Nitrogen harvest index (NHI) and nitrogen utilization efficiency (NUtE) declined at high rates of nitrogen supply. The apparent nitrogen recovery efficiency (ANRE) was actually influenced by fertilization, with the higher values observed in inorganic fertilized treatments. Moreover, rates of nitrogen higher than 100 kg N ha -1 did not increase the nitrogen agronomic efficiency (NAE). The average rate of change in nitrogen content in plant and rate of change of nitrates in soil increased and decreased, respectively, with increasing nitrogen application rate. As a conclusion, quinoa has a high capacity to take up nitrate from the soil, but presents lower nitrogen remobilization from the vegetative parts into the seeds under high nitrogen supply.
